Abstract: The degrees of freedom affected by the angular momentum are identified.
Introduction
In contrast with most projectiles stocking the arsenal of nuclear physics, heavy ions can provide the interacting system with huge amounts of angular momentum. This 1s true even at relatively low velocities (a few MeV/amu over the Coulomb barrier) when the collision can be considered "gentle" under most points of view. Angular momenta as large as 500 l> are not unusual with the heaviest target-projectile combinations. At the same time Q-values as large as 400 MeV are observed as the entrance channel kinetic energy relaxes all the way, even at substantial expense of the Coulomb barrier through a shape distortion in the exit channel. How does the system accommodate such a large amount of angular momen tum? Clearly not by forming a compound nucleus (which in most cases would be frowned upon even by the Coulomb field). Deep inelastic scattering is a natural solution that allows for the maximum energy dissipation while dealing at the same time with the angular momentum by storing-most of it (at least 5/7 of the total) quite inexpensively 1n the orbital motion of the two pieces of the dinuclear system. In this way the deep inelastic process can produce in a tidy fashion, unmarred by messy fast particle emission, pairs of compound nuclei with excita tion energies as large as 200 MeV each, and angular momenta as large as 40-60 h, a feat very difficult to achieve with ordinary compount nucleus formation processes.
The simultaneous presence in the dinuclear complex of large amounts of angular momentum and of excitation energy promotes a very characteristic thermodynamic regime that has been very nicely revealed in a rather exhaustive series of experiments and which we shall try to illustrate in this contribution.
.
The relevant degrees of freedom
In order to determine the final destiny of the angular momentum, we must find out first which degrees of freedom of the dinuclear complex can bear angular momentum. In a dinuclear system approximated by two equal touching spheres, the relevant normal modes can be identified by inspection and have been labeled as "wriggling" (doubly degenerate), "bending" (doubly degenerate), "twisting", and "tilting" 1 ). All of these modes are expected to play a role in determining the magnitude and alignment of the final fragment spin. However, the role of angular momentum extends to other degrees of freedom as well, for Instance, to the mass asymmetry mode. The reason for that lies in the change of rotational energy and thus of the effective potential with mass asymmetry. 
The dynamical and thermodynamical equilibrium limit
The extent of relaxation in other degrees of freedom may prompt the question: after all that could be dissipated has been dissipated, what is the equilibrium regime for the angular momentum? Two answers can be given. The first is a dynamical answer. If one disregards all the internal degrees of freedom, the system will settle into rigid rotation for which the intrinsic and orbital angular velocities are the same. In general, for all asymmetries, rigid rotation partitions the total angular momentum I as follows:
vr^^.
• easily calculate the angular distributions for sequentially emitted gamma rays, particles, or fission fragments').
The relevance of equilibrium fluctuations in a diffusive evolution
Having shown what the equilibrium distribution should be is, of course, less than one-half the story, since 1t may be (and it is frequently the case) that the system does not quite reach the equilibrium limit. A proper discussion would then be on the particular way the system evolves 1n time. There are reasons to suspect that such a time evolution may be of the kind describable in terms of a Master Fquation or Fokker Planck equation possibly in their simplest form"). If this is the case, then one can argue strongly for the thermal equilibrium limit as a good predictor for the fluctuating components (not for the first moments as we shall see).
In order to show that'), let us assume that the system is harmonically bound along the coordinate under consideration, namely:
If we start from x • x0 at t • 0 with a delta function distribution, after a time t the distribution is a Gaussian with centroid and width given by:
where B 1s the "irobility" of the system. After one relaxation time t » 1/cB, we have i-. e" 1 -0.368 ; -2-. 1 -A e~2 * 0.93 x o "equil z That means that, while, after one relaxation time, the centroid is still at 37% of the initial distance from equilibrium, the width 1s already 933! of the final equilibrium value. In other words, the width grows rapidly towards its equilibrium value independently of the starting point and can approach Its limiting value while the mean may still be quite far away from equilibrium. Even after only one-half the relaxation time, the width is already 82% of its equilibrium value, while the mean is still 60% of the initial distance from equilibrium. Consequently, if the system has an Inclination at all to relax towards equilib rium, we can estimate the fluctuations quite reliably by means of the equilibrium fluctuations without worrying too much about the time dependence of the process. Of course, the time dependence 1s a very Important feature that deserves to be studied 1n detail. However, if we are concerned about the role of fluctuations and about their ability to scramble the experimental picture, a thorough Investigation of the equilibrium limit is the most economical way to obtain information about this problem.
One example of rigid rotation limit
The rigid rotation limit was observed first 1n the rapid rise of the gamma-ray multiplicity as a function of mass asymmetry 1n Ne + Ag 8 ). However, several Kr Induced reactions failed to show the expected effect 9 ). While for the Au and Ho + Kr reaction angular momentum fractionation was postulated 1 ") 1n order to explain the lack of rise of the gamma-ray multiplicity with asymmetry, in the case of Ag + Kr one could rot make such an argument due to the slight mass asymmetry of the system. On the other hand, Babinet et al.") were able to infer rigid rotation on the system 280 HeV Ar + Ni by measuring the out-of-plane angular distribution of sequentially emitted alpha particles. In a somewhat similar experiment we measured both the gamma-ray multiplicity and the out-of-plane a particle angular distribution arising from the Ag-like fragment in the reaction Ag + Kr 12 In the statistical model, the fixed aligned components of the fragments' angular momenta couple to angular momentum components associated with the Internal modes of the complex causing the total fragment angular momentum to become misaligned. When the reaction partners have equal masses, the thermal widths of the angular momentum components are nearly equal in the usual cartesian coordinates (x axis taken along the line of centers). However, when the reaction partners have different masses, and hence different moments of inertia, the situation changes dramatically. For instance, 1n the very asymmetric '"ne + 197^u an(j 238M, systems which we have investigated*', the statistical excitation of a number of angular-momentum-bearing modes is strongly suppressed. In particular, the large difference in the moments of inertia of the two reaction partners Increases the amount of energy necessary to excite any mode in which the small fragment is forced to rotate (wriggling, bending, and twisting). The statistical widths of the angular momentum components in the heavy fragment generated by the normal modes are shown individually In fig. 2 as a func.on of mass In addition to the expected effects due to closed-shell structure, we note that the slope of the curve in the quosielastic region (c close to 1) is very sensitive to the parameter TI/T R . A comprehensive study of the dependence jf gamma-ray multiplicity t\ upon Q-value should provide some general Information on this parameter, which is closely related to the relaxation time of rotational degrees of freedom.
Shell effects may be alternatively investigated by measuring the spin of the Individual fragmtnts. Our calculation indicates that for very asymmetric systems the spin of the light fragment should be very dependent on whether the heavy partner has a closed-shell structure or not. Under the same approximation made above and assuming that the " 4 g1d rotation limit is achieved we estimate -40 percent difference in the spi . of the light fragment when comparing the Kr + Au and the Kr + Pb reactions.
Finally we nele that these estimated effects are related to the first moment of the spin distribution. Remarkably the calculation does not predict any noticeable effect on the variances as shown 1n Fig. 12 .
The reduced variance along the symmetry axis is constant as a consequence of an exact cancellation between a stlffer twisting mode and a softer tilting Wriggling-x y .V' _t--r" . . .
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•13-mode as one approaches the closed-shell limit (g?-« 0). Due to a similar effect, the fluctuations on a plane perpendicular to the symmetry axis, although not constant, are also very insensitive to variations of the ratio Jj/^. It is unfortunate that, to our knowledge, no experiment has been performed so far in order to test these ideas. A comparison between the v-ray multiplicities and r-ray angular distributions resulting from a collision between two nonmagic nuclei, like those described in sect. 7 and those resulting from a collision between a magic and a nonmagic nucleus should hopefully be sufficient to verify the above predictions.
Conclusion
The comparison of a variety of experimental data with the statistical model predictions shows that in a large number of cases the rigid rotation limit as well as the statistical equilibration of the angular momentum bearing modes is in fact achieved. Even when the various processes are considered at Q-values for which rigid rotation is not established, the statistical model seems to be able to predict the fluctuations rather accurately. The shell structure of the interacting nu:lei should affect the angular momentum transfer and misalignment. Such effects shouuld be easy to detect experimentally.
